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Description
Background

[0001] Logging tools have long been used in wellbores to make, for example, formation evaluation measurements to
infer properties of the formations surrounding the borehole and the fluids in the formations. Common logging tools include
electromagnetic tools, nuclear tools, and nuclear magnetic resonance (NMR) tools, though various other tool types are
also used.

[0002] Early logging tools were run into a wellbore on a wireline cable, after the wellbore had been drilled. Modern
versions of such wireline tools are still used extensively. However, the need for information while drilling the borehole
gave rise to measurement-while-drilling (MWD) tools and logging-while-drilling (LWD) tools. By collecting and processing
such information during the drilling process, the driller can modify or correct key steps of the operation to optimize
performance.

[0003] MWD tools sometimes provide drilling parameter information such as weight on the bit, torque, temperature,
pressure, direction, and inclination. LWD tools sometimes provide formation evaluation measurements such as resistivity,
porosity, and NMR distributions. MWD and LWD tools often have components common to wireline tools (e.g., transmitting
and receiving antennas), but MWD and LWD tools must be constructed to not only endure but to operate in the harsh
environment of drilling. The terms MWD and LWD are often used interchangeably, and the use of either term in this
disclosure will be understood to include both the collection of formation and wellbore information, as well as data on
movement and placement of the drilling assembly.

[0004] Logging tools can also be used to image a wellbore. For example, measurements of resistivity, density, the
photoelectric factor, natural gamma ray radiation, the dielectric constant, and acoustic impedance (e.g., ultrasonics)
have been used to form wellbore images. Most, if not all, of those imaging methods are dependent on the type of drilling
fluid ("mud") used.

[0005] WO2011/139761 describes a method for obtaining gain-corrected measurements, comprising: providing a
measurement tool having one or more arrays, wherein the arrays comprise two co- located triaxial transmitters and two
co-located triaxial receivers; obtaining measurements using the two co-located triaxial transmitters and the two co-
located triaxial receivers; forming impedance matrices from the obtained measurements; and combining the impedance
matrices to provide gain-corrected measurements.

[0006] US 2011/238312 discloses a logging tool carrying out borehole compensated resistivity measurements.

Summary
[0007] The present invention resides in a method as defined in claim 1 and in a logging tool as defined in claim 8.
Figures
[0008] Embodiments of a borehole imaging and formation evaluation logging-while-drilling tool are described with
reference to the following figures. The same numbers are generally used throughout the figures to reference like features
and components.

Figure 1 illustrates a well site system.

Figure 2 shows a prior art electromagnetic logging tool.

Figure 3 schematically shows an embodiment of a propagation tool having a plurality of triaxial antennas, in accord-
ance with the present invention.

Figure 4 is a plot of the compensated phase shift response versus toolface angle for each of the nine couplings, in
accordance with the present disclosure.

Figure 5 is a plot of the compensated attenuation response versus toolface angle for each of the nine couplings, in
accordance with the present disclosure.

Figure 6 is a plot of the compensated phase shift response versus relative dip angle for each of the nine couplings,
in accordance with the present disclosure.

Figure 7 is a plot of the compensated attenuation response versus relative dip angle for each of the nine couplings,
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in accordance with the present disclosure.

Figure 8 is a plot of the compensated phase shift response versus conductivity for a homogeneous, isotropic for-
mation, in accordance with the present disclosure.

Figure 9 is a plot of the compensated attenuation response versus conductivity for a homogeneous, isotropic for-
mation, in accordance with the present disclosure.

Figure 10 is a plot, for each coupling, of the phase resistivity of a formation with a 0.9144 m (three foot) bed thickness
versus the log depth, for five different anisotropic ratios, in accordance with the present disclosure.

Figure 11 is a schematic representation of an example layered formation having particular horizontal and vertical
resistivities, in accordance with the present disclosure.

Figure 12is a plot of the compensated phase shift response versus true vertical depth for each of the nine couplings,
in accordance with the present disclosure.

Figure 13 is a plot of the compensated attenuation response versus true vertical depth for each of the nine couplings,
in accordance with the present disclosure.

Figure 14 is a plot of the anti-symmetrized phase shift response versus true vertical depth for each of the nine
couplings, in accordance with the present disclosure.

Figure 15 is a plot of the anti-symmetrized attenuation response versus true vertical depth for each of the nine
couplings, in accordance with the present disclosure.

Figure 16 is a plot of the symmetrized phase shift response versus true vertical depth for each of the nine couplings,
in accordance with the present disclosure.

Figure 17 is a plot of the symmetrized attenuation response versus true vertical depth for each of the nine couplings,
in accordance with the present disclosure.

Figure 18 schematically shows an alternative embodiment of a propagation tool having a plurality of triaxial antennas,
in accordance with the present invention.

Figure 19 is a flowchart showing an example outside the scope of the present invention.
Figure 20 shows a flowchart of an embodiment in accordance with the present invention.

[0009] It should be understood that the drawings are not to scale and that the disclosed embodiments are sometimes
illustrated diagrammatically and in partial views. In certain instances, details that are not necessary for an understanding
of the disclosed method and apparatus or that would render other details difficult to perceive may have been omitted.
It should be understood that this disclosure is not limited to the particular embodiments illustrated herein.

Detailed Description

[0010] Some embodiments will now be described with reference to the figures. Like elements in the various figures
may be referenced with like numbers for consistency. In the following description, numerous details are set forth to
provide an understanding of various embodiments and/or features. However, it will be understood by those skilled in
the art that some embodiments may be practiced without many of these details and that numerous variations or modi-

fications from the described embodiments are possible. As used here, the terms "above" and "below", "up" and "down",
"upper" and "lower", "upwardly" and "downwardly", and other like terms indicating relative positions above or below a
given point or element are used in this description to more clearly describe certain embodiments. However, when applied
to equipment and methods for use in wells that are deviated or horizontal, such terms may refer to a left to right, right
to left, or diagonal relationship, as appropriate.

[0011] Figure 1 illustrates a well site system in which various embodiments can be employed. The well site can be
onshore or offshore. In this example system, a borehole 11 is formed in subsurface formations by rotary drilling in a

manner that is well known. Some embodiments can also use directional drilling, as will be described hereinafter.
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[0012] A drill string 12 is suspended within the borehole 11 and has a bottom hole assembly 100 which includes a drill
bit 105 at its lower end. The surface system includes platform and derrick assembly 10 positioned over the borehole 11,
the assembly 10 including a rotary table 16, kelly 17, hook 18 and rotary swivel 19. The drill string 12 is rotated by the
rotary table 16, energized by means not shown, which engages the kelly 17 at the upper end of the drill string. The drill
string 12 is suspended from a hook 18, attached to a traveling block (also not shown), through the kelly 17 and a rotary
swivel 19 which permits rotation of the drill string relative to the hook. As is well known, a top drive system could
alternatively be used.

[0013] In the example of this embodiment, the surface system further includes drilling fluid or mud 26 stored in a pit
27 formed at the well site. A pump 29 delivers the drilling fluid 26 to the interior of the drill string 12 via a port in the swivel
19, causing the drilling fluid to flow downwardly through the drill string 12 as indicated by the directional arrow 8. The
drilling fluid exits the drill string 12 via ports in the drill bit 105, and then circulates upwardly through the annulus region
between the outside of the drill string and the wall of the borehole, as indicated by the directional arrows 9. In this well
known manner, the drilling fluid lubricates the drill bit 105 and carries formation cuttings up to the surface as itis returned
to the pit 27 for recirculation.

[0014] The bottom hole assembly 100 of the illustrated embodiment includes a logging-while-drilling (LWD) module
120, a measuring-while-drilling (MWD) module 130, a roto-steerable system and motor 150, and drill bit 105.

[0015] The LWD module 120 is housed in a special type of drill collar, as is known in the art, and can contain one or
a plurality of known types of logging tools. It will also be understood that more than one LWD and/or MWD module can
be employed, e.g. as represented at 121. (References, throughout, to a module at the position of 120 can alternatively
mean a module at the position of 121 as well.) The LWD module includes capabilities for measuring, processing, and
storing information, as well as for communicating with the surface equipment. In the present embodiment, the LWD
module includes a resistivity measuring device.

[0016] The MWD module 130 is also housed in a special type of drill collar, as is known in the art, and can contain
one or more devices for measuring characteristics of the drill string and drill bit. The MWD tool further includes an
apparatus (not shown) for generating electrical power to the downhole system. This may sometimes include a mud
turbine generator powered by the flow of the drilling fluid, it being understood that other power and/or battery systems
may be employed. In the present embodiment, the MWD module includes one or more of the following types of measuring
devices: a weight-on-bit measuring device, a torque measuring device, a vibration measuring device, a shock measuring
device, a stick/slip measuring device, a direction measuring device, and an inclination measuring device.

[0017] An example of a tool which can be the LWD tool 120, or can be a part of an LWD tool suite 121, is shown in
Figure 2. As seenin Figure 2, upper and lower transmitting antennas, T, and T, have upper and lower receiving antennas,
R{and Ry, therebetween. The antennas are formed in recesses in a modified drill collar and mounted in MC or insulating
material. The phase shift of the electromagnetic wave between the receivers provides an indication of formation resistivity
at a relatively shallow depth of investigation, and the attenuation of the electromagnetic wave between the receivers
provides an indication of formation resistivity at a relatively deep depth of investigation. U.S. Patent No. 4,899,112 can
be referred to for further details. In operation, attenuation-representative signals and phase-representative signals are
coupled to a processor, an output of which is coupleable to a telemetry circuit.

[0018] Some electromagnetic (EM) logging tools use one or more tilted or transverse antennas, with or without axial
antennas. Those antennas may be transmitters or receivers. In some embodiments, a tilted antenna can be considered
one whose dipole moment is neither parallel nor perpendicular to the longitudinal axis of the tool. A transverse antenna
can be considered one whose dipole moment is perpendicular to the longitudinal axis of the tool, and an axial antenna
can be considered one whose dipole moment is parallel to the longitudinal axis of the tool. A triaxial antenna can be
considered one in which three antennas (i.e., antenna coils) are arranged to be mutually orthogonal. Often one antenna
(coil) is axial and the other two are transverse. Two antennas are said to have equal angles if their dipole moment vectors
intersect the tool’s longitudinal axis at the same angle. For example, two tilted antennas have the same tilt angle if their
dipole moment vectors, having their tails conceptually fixed to a point on the tool’s longitudinal axis, lie on the surface
of a right circular cone centered on the tool’'s longitudinal axis and having its vertex at that reference point. Transverse
antennas have equal angles of 90 degrees, and that is true regardless of their azimuthal orientations relative to the tool.
[0019] Itis well known in the art that the resistivity and conductivity of a material are reciprocally related. That is, one
is the reciprocal of the other. Thus, the terms "resistivity" and "conductivity" may be used interchangeably herein in the
sense that wherever one appears it may be conceptually replaced with the corresponding reciprocal of the other.
[0020] A tool and method to obtain phase shift and attenuation information from propagation-style measurements
made using an array of antennas, such as triaxial orthogonal antennas, are described herein. For ease of discussion
triaxial antennas are discussed below, but that is not meant to be a limitation and any sort of measurement scheme that
provides the full conductivity tensor, with or without tool rotation, may be used. Triaxial propagation measurements
contain the formation information in the full conductivity tensor. Better results may be obtained if the antenna coils of a
particular transmitter or receiver are co-located. By using the full tensor, borehole compensation may be extended to
the triaxial measurements, as opposed to using the term-by-term or element-by-element prior art approach. No a priori
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assumptions need be made regarding the formation, and no constraints on dip angles or distances to bed boundaries
need be made.
[0021] The induced voltage, V,q,ceq ON @ receiver coil is proportional to the current / in a transmitter coil:

Vinaucea = 1Z.

Z is the transfer impedance, which depends on the electrical and magnetic properties of the environment surrounding
the coil pair, the signal frequency, the coil geometry, and the coil spacing. The actual voltage measured, V, which can
be affected by gain and phase errors of the transmitter and receiver antennas and electronics, can be written as:

V =grgrZ

where ggr is the unknown complex receiver gain and g is the unknown complex transmitter gain, including the unmeas-
ured transmitter current, /.

[0022] A propagation tool array such as the embodiment shown in Figure 3 comprises two triaxial transmitters and
two triaxial receivers. Each triaxial antenna comprises three antenna coils that are oriented such that the directions of
their magnetic moments (denoted as arrows in the figure) are an orthogonal set. The antennas can be designed to
operate at one or more frequencies. Note, the borehole compensation described herein is equally valid for non-orthogonal
tilted coils. The voltage measured, for example, on the x-directed coil of Receiver 2 (R2x) induced by the current in the
z-directed transmitter coil of Transmitter 1 (T1z) is:

Vizzx = 91129R22 2122

Expressing the other coil combinations similarly, the voltages measured on each of the coils of the triaxial receiver can
be written as a matrix,

Irix9r2xlizax  9r1ix9r2yZi2xy  9T1x9R27412%2
Vi, = |9r1iyGr2xlizyx  9riyIr2yZizyy 9r1iy9r2z2412y2|.
Ir1z9r2xZ122xc  9r129R2y %122y 9T129R2221222

This can be written more compactly as:
Vig = Gr1Z15Gpe

where Z,, is the transfer impedance tensor:

Zigxx  Zizxy  Zi2xz
Zip = [Zizyx  Zizyy  Zi2yz),
Zlsz ZlZzy ZlZzz

and Gy4 and Gg, are diagonal matrices of the transmitter and receiver coil gains, respectively:

I11x 0 0
GTl = 0 ngy 0 »
0 0 911z
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IRr2x 0 0
0 Ir2y 0
0 0 IRr2z

Transmitter 1 gains can be eliminated by taking the combination of voltages given by:

M, = V11_1V12 = GRl_lzll_lGTl_lGlelzGRZ = GRl_lzll_lzlzGRZ-

Similarly, Transmitter 2 gains can be eliminated using:

My, = V22_1V21 = GR2_1222_1221GR1-

The combination:

My = My My, = GR2_1222_1221211_12126R2 = GR2_1U21GR2

U2 1xx

YRrax
= U21yx
Ir2y

Ir2x
U2 1zx

LdR2z

Ir2y Ir2z
U2 1xy U21xz
R2x R2x
9r2z
Uzt —Uy;
v Ir2y ye
Ir2y
U21zy U21zz
R2z -

produces a quantity in which the gain factors are fully eliminated from the diagonal terms (leaving only the diagonal
elements of U,4) and only ratios of the receiver coil gains of R2 remain as coefficients of the off-diagonal elements of

U,4. Similarly the combination:

_ _ -1 -1 -1 — -1
My = MMy = Gry 211 212235 " Z1Gr1 = Gy
i Ir1y Iriz
U12xx U12Xy U12Xz
Irix Rix
Irix Yr1z
= = U12yx U12yy - U12yz
Ir1y Ir1y
Irix Ir1y
Ulsz UlZzy UlZzz
L dR1z Iri1z

produces a similar quantity in terms of U4, and the receiver coil gains of R1.

[0024]
urement:

UIZGRl

Note that the zz terms of those matrices are the traditional standard borehole compensated propagation meas-
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M - M U U  ViazeVouzz 21222272122
122z = M21z2z = U212z = V1222 =

VllZZVZZZZ leZZZZZZZ

Areceiver gain ratio calibration and a gain stabilization mechanism may be used to compensate the receiver gain ratios.
Compensation of the gain ratios of the x, y, and z coils for each receiver is technically much easier than compensating
the absolute gains.

[0025] In rotary drilling, the tool normally rotates about its longitudinal axis. In this case, measurements made on one
transverse receiver at rotation angles 90 degrees apart is equivalent to making a measurement with separate orthogonal
transverse coils. Because one transverse coil is employed per receiver, one gain ratio calibration may be required.
[0026] Once the gain ratios are compensated, the measurements can be rotated to another reference frame. That is,
after compensation, U, and U,,, can be rotated to a chosen Earth-referenced rotation angle, as each are the product
of rotatable tensors:

- _ s =1, - -1_.
Ui, =R 1UlzR =211 Z12Z22 Zy .

[0027] Air calibration is used in traditional propagation tools to improve measurement accuracy by subtracting out
measurement variability due to the finite size and conductivity of the collar.
[0028] The borehole compensated air calibration values:

_ -1 -1
Uair - V22air V21air Vllair V12air

_lexxairZ21xxair 0 0 i
Zl 1xxairZ22xxair
ZlZyyairZZ lyair
Ugir = 0 0
leyyairZZZyyair
0 0 ZlZzzaierzzair
- lezzairZZZZzair—

may be used to air calibrate the U tensors:
Uprac = Uy *U.
21ac air 21

— -1
Ulzac - Uair U12 :

[0029] Certain combinations of the U tensors can be formed that give responses similar to what are commonly referred
to as the symmetrized and anti-symmetrized measurements. The anti-symmetrized combination is:

Uas = Uz1acUs2ac
and the symmetrized combination is:

_ -1
US - UZICI,C U12ac *

[0030] The phase shift and attenuation of the propagation tensors are calculated using the matrix square root (sqrtm)
and matrix log (logm) functions:
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CPS = 180./pi.*imag(logm(sqrtm(U12ac)));

CAD = -20*real(logm(sqrtm(U12ac))./log(10);

SPS = 180./pi.*imag(logm(sqrtm(sqrtm(Us))));

SAD = -20*real(logm(sqrtm(sqrtm(Us)))./log(10);

APS = 180./pi.*imag(logm(sqrtm(Uas)));

and

AAD = -20*real(logm(sqrtm(sqrtm(Uas)))./log(10)

where CPS, CAD are the compensated phase shift and attenuations, SPS and SAD are the symmetrized phase shift
and attenuations, and APS and AAD are the anti-symmetrized phase shift and attenuations.

[0031] In general, because the propagation matrices do not commute, matrix multiplications must often be done in a
specific order before calculating the matrix phase shift and attenuation. In addition, the gain components in some em-
bodiments should be removed or compensated prior to rotating a tensor. Basic responses for the triaxial arrays of Figure
3 operating in a homogeneous medium at 2 MHz with near transmitter-receiver spacings of 83.82 cm (33 inches) and
a receiver spacing of 55.88 cm (22 inches) are shown in Figures 4 - 9.

[0032] Figures 4 and 5 are, respectively, plots of compensated phase shift and compensated attenuation responses
versus toolface angle for each of the nine couplings. Five curves are plotted in each plot, each curve corresponding to
a particular anisotropic ratio. For each ratio, the horizontal resistivity is two ohm-m. The relative formation dip is 60
degrees and the azimuthal dip is zero. In the homogeneous medium, the phase shift (PS) and attenuation (AD) responses
are equal to the anti-symmetrized phase shift (APS) and anti-symmetrized attenuation (AAD) responses, respectively.
The symmetrized phase shift (SPS) and symmetrized attenuation (SAD) responses are zero.

[0033] Figures 6 and 7 are, respectively, plots of compensated phase shift and compensated attenuation responses
versus relative dip angle for each of the nine couplings, wherein the tool x-axis is aligned with the azimuthal dip. Again,
five curves are plotted in each plot, each curve corresponding to a particular anisotropic ratio. For each ratio, the horizontal
resistivity is two ohm-m. Figures 8 and 9 are, respectively, compensated phase shift and compensated attenuation
responses versus conductivity for a homogeneous, isotropic formation. The predominantly upper curve in each of those
plots is the ZZ response, and the other curve is the XX/YY response.

[0034] As an illustrative example, resistivity transforms for the direct terms for a particular case have been computed
and are shown in Figure 10. The plots are, for each coupling, the phase resistivity of a formation with a 0.9144 m (three
foot) bed thickness versus the log depth, for five different anisotropic ratios. The signal frequency is 400 kHz and the
relative dip is 60 degrees.

[0035] For the particular set of bed horizontal and vertical resistivities shown in Figure 11, where Rh1 is five ohm-m,
Rv1 is 10 ohm-m, Rh2 is 20 ohm-m, and Rv2 is 30 ohm-m, the basic responses to the single boundary are shown in
Figures 12 - 17. In all cases the beds have "TI" anisotropy (meaning the Rh in a plane parallel to the bed is uniform
(Rx=Ry=Rh#Rv=Rz); note this use of Tl has nothing to do with transmitter identification) with a dip azimuth of zero
degrees. The tool is oriented such that the toolface angle is zero. Figures 12 and 13 show that the compensated phase
shift and compensated attenuation respond to both the bed boundary and to the anistropy. The symmetrized responses
are zero in a homogeneous medium and respond at the bed boundary (Figure 16 and 17). At high dip and moderate
conductivities, the symmetrized XZ response is independent of anisotropy of the beds, is proportional to the difference
in conductivity between the beds, and changes sign depending on whether the tool goes from a conductive to a resistive
bed or vice versa. The XX and ZZ symmetrized responses are also zero in a homogeneous medium and respond at a
bed boundary, but in this case it responds to the dip of the bed independent of anisotropy. In the anti-symmetrized
responses (Figure 14 and 15), the bed boundary response, though present, is reduced compared to the compensated
phase shift and compensated attenuation responses.

[0036] The above disclosure considers the arrays formed using two triaxial transmitters and two triaxial receivers.
Other triaxial transmitter and receiver combinations could be made to form 'mixed’ borehole compensated arrays. This
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can apply to wireline, LWD, coiled tubing, smart completions, and most any other known or reasonably foreseeable
conveyance means.

[0037] Forexample,one alternate embodimentis shownin Figure 18. The matrix phase shiftand attenuations computed
by the gain calibrated combination:

J[(V32_1V31)(V22_1V21)] (V21_1V11)

would give a response having a depth of investigation comparable to the longer transmitter/receiver spacing. The vertical
response would be dominated by the Transmitter 3 response and could provide an electromagnetic look-ahead capability.
Not all possible tensor combinations have been disclosed herein; there are other ways of combining propagation tensors
that are within the scope of this disclosure.

[0038] Figure 19 shows a flowchart of an example outside the scope of the present invention that includes providing
a logging tool having a plurality of antennas spatially separated along a longitudinal axis of the logging tool (1902);
making propagation-style measurements using the plurality of antennas in a formation (1904); forming tensors using
the propagation-style measurements (1906); computing one or more quantities using the tensors (1908); and performing
a formation evaluation using the one or more computed quantities (1910).

[0039] Figure 20 shows a flowchart of an alternate embodiment in accordance with the present invention that includes
calculating borehole compensation matrix products using voltages from the triaxial receiver pairs (2002); applying trans-
verse receiver gain ratio corrections (2004); applying air calibration (2006); calculating symmetrized and anti-symmetrized
matrix products (2008); rotating the matrix products (2010); and calculating the phase shift and attenuation responses
(2012).

[0040] A zero-dimension inversion (meaning an inversion using an infinite, homogeneous, anisotropic, dipping forma-
tion model) may be performed, while drilling, using a downhole processor and the measurements, and, for example, the
determined horizontal resistivity, vertical resistivity, relative dip, and/or azimuthal dip information may be sent to an
uphole processor in real-time.

[0041] While only certain embodiments have been set forth, alternatives and modifications will be apparent from the
above description to those skilled in the art. For example, although much of the disclosure above describes propagation-
style measurements, induction-style measurements also can be used. Although only a few example embodiments have
been described in detail above, those skilled in the art will readily appreciate that many modifications are possible in the
example embodiments without materially departing from this invention. Accordingly, all such modifications are intended
to be included within the scope of this disclosure as defined in the following claims.

Claims
1. A method, comprising:

providing (1902) a logging tool (120) including an antenna array comprising a plurality of triaxial antennas (T4,
T,, R4, Ry) spatially separated along a longitudinal axis of the logging tool (120);

making (1904) resistivity measurements in a formation at one or more frequencies using the antenna array;
calculating (2002) uncorrected borehole compensation matrix products using voltages from triaxial receiver
pairs of the antenna array;

applying (2004) transverse receiver gain ratio corrections to the uncorrected borehole compensated matrix
products using a gain ratio correction and a gain ratio calibration for calculating gain corrected borehole com-
pensated matrix products;

applying (2006) air calibration to the gain corrected borehole compensated matrix products for calculating air
calibrated, gain corrected, borehole compensated matrix products;

calculating (2008) symmetrized and anti-symmetrized matrix products using the air calibrated, gain corrected,
borehole compensated matrix products;

rotating (2010) the symmetrized and anti-symmetrized matrix products using a rotation angle;

calculating (2012) a matrix phase shift response and a matrix attenuation response using the rotated symmetrized
and anti-symmetrized matrix products; and

determining a formation property or parameter using the matrix phase shift response and/or the matrix attenuation
response.

2. Themethod of claim 1, wherein the formation property or parameter is selected from the group consisting of horizontal
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resistivity, vertical resistivity, relative dip, azimuthal dip, bed boundary location, and bed thickness.
3. The method of claim 1, wherein each of triaxial antennas comprises an orthogonal set of antenna coils.
4. The method of claim 1, wherein the resistivity measurements include transfer impedances of the antennas.

5. The method of claim 1, further comprising performing, while drilling, a zero-dimension inversion using a downhole
processor and the measurements, and sending horizontal resistivity, vertical resistivity, relative dip, and/or azimuthal
dip information to an uphole processor in real-time.

6. The method of claim 1, wherein the computed matrix phase shift response and the computed matrix attenuation
response yield a depth of investigation comparable to the length of the longest transmitter/receiver spacing.

7. The method of claim 1, wherein the logging tool is conveyed on a wireline, a logging-while-drilling string, a coiled
tubing, or a smart completion.

8. Alogging tool (120), comprising:

an antenna array comprising a plurality of triaxial antennas (T4, T,, R4,R,) spatially separated along a longitudinal
axis of the logging tool (120); and
a downhole processor configured to:

make (1904) resistivity measurements in a formation at one or more frequencies using the plurality of
antennas;

calculate (2002) uncorrected borehole compensation matrix products using voltages from triaxial receiver
pairs of the antenna array;

apply (2004) transverse receiver gain ratio corrections to the uncorrected borehole compensated matrix
products using a gain ratio correction and a gain ratio calibration for calculating gain corrected borehole
compensated matrix products;

apply (2006) air calibration to the gain corrected borehole compensated matrix products for calculating air
calibrated, gain corrected, borehole compensated matrix products;

calculate (2008) symmetrized and anti-symmetrized matrix products using the air calibrated, gain corrected,
borehole compensated matrix products;

rotate (2010) the symmetrized and anti-symmetrized matrix products using a rotation angle;

calculate (2012) a matrix phase shift response and a matrix attenuation response using the rotated sym-
metrized and anti-symmetrized matrix products; and

determine a formation property or parameter using the matrix phase shift response and/or the matrix at-
tenuation response.

9. The logging tool of claim 8, wherein one or more of the antennas is a co-located triaxial antenna.

10. The logging tool of claim 9, wherein each of the one or more co-located triaxial antennas comprises an orthogonal
set of antenna coils.

Patentanspriiche
1. Verfahren, umfassend:

Bereitstellen (1902) eines Bohrlochmessgerats (120), das ein Antennenarray umfasst, das mehrere dreiachsige
Antennen (T4, Ty, R4, Ry) umfasst, die entlang einer Langsachse des Bohrlochmessgerats (120) rumlich
getrennt sind;

Durchfiihren (1904) von Resistivitdtsmessungen in einer Formation bei einer oder mehreren Frequenzen unter
Verwendung des Antennenarrays;

Berechnen (2002) nicht korrigierter Bohrlochkompensationsmatrixprodukte unter Verwendung von Spannungen
aus dreiachsigen Empfangerpaaren des Antennenarrays;

Anwenden (2004) von Korrekturen des Verstarkungsverhaltnisses des Querempfangers auf die nicht korrigier-
ten bohrlochkompensierten Matrixprodukte unter Verwendung einer Korrektur des Verstarkungsverhaltnisses
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und einer Kalibrierung des Verstarkungsverhaltnisses zum Berechnen von verstarkungskorrigierten bohrloch-
kompensierten Matrixprodukten;

Anwenden (2006) einer Luftkalibrierung auf die verstarkungskorrigierten bohrlochkompensierten Matrixprodukte
zum Berechnen von luftkalibrierten, verstarkungskorrigierten bohrlochkompensierten Matrixprodukten;
Berechnen (2008) symmetrierter und antisymmetrierter Matrixprodukte unter Verwendung der luftkalibrierten,
verstarkungskorrigierten, bohrlochkompensierten Matrixprodukte;

Drehen (2010) der symmetrierten und antisymmetrierten Matrixprodukte unter Verwendung eines Drehwinkels;
Berechnen (2012) einer Matrixphasenverschiebungsantwort und einer Matrixdampfungsantwort unter Verwen-
dung der gedrehten symmetrierten und antisymmetrierten Matrixprodukte; und

Bestimmen einer Formationseigenschaft oder eines Formationsparameters unter Verwendung der Matrixpha-
senverschiebungsantwort und/oder der Matrixddmpfungsantwort.

Verfahren nach Anspruch 1, wobei die Formationseigenschaft oder der Formationsparameter aus der Gruppe aus-
gewahltist, die aus horizontaler Resistivitat, vertikaler Resistivitat, relativer Neigung, azimutaler Neigung, Lage der
Lagengrenze sowie Lagendicke besteht.

Verfahren nach Anspruch 1, wobei die dreiachsigen Antennen jeweils einen orthogonalen Satz von Antennenspulen
umfassen.

Verfahren nach Anspruch 1, wobei die Resistivitdtsmessungen Ubertragungsimpedanzen der Antennen umfassen.

Verfahren nach Anspruch 1, das ferner umfasst, wahrend des Bohrens eine Inversion mit null Dimensionen unter
Verwendung eines Bohrlochprozessors und der Messungen durchzufiihren, und in Echtzeit Informationen Uber
horizontale Resistivitat, vertikale Resistivitat, relative Neigung und/oder azimutale Neigung an einen Prozessor tber
Tage zu senden.

Verfahren nach Anspruch 1, wobei die berechnete Matrixphasenverschiebungsantwort und die berechnete Ma-
trixdampfungsantwort eine Untersuchungstiefe ergeben, die mit der Lange des langsten Sender/Empfanger-Ab-
stands vergleichbar ist.

Verfahren nach Anspruch 1, wobei das Bohrlochmessgerat an einer Wireline, einem Logging-While-Drilling-Strang,
einem Coiled Tubing oder einer Intelligenten Komplettierung beférdert wird.

Bohrlochmessgerat (120), umfassend:

ein Antennenarray, das mehrere dreiachsige Antennen (T4, T, R4, Ry) umfasst, die entlang einer Ladngsachse
des Bohrlochmessgerats (120) raumlich getrennt sind; und
einen Bohrlochprozessor, der ausgelegt ist zum:

Durchfiihren (1904) von Resistivitdtsmessungen in einer Formation bei einer oder mehreren Frequenzen
unter Verwendung der mehreren Antennen;

Berechnen (2002) nicht korrigierter Bohrlochkompensationsmatrixprodukte unter Verwendung von Span-
nungen aus dreiachsigen Empfangerpaaren des Antennenarrays;

Anwenden (2004) von Korrekturen des Verstarkungsverhaltnisses des Querempfangers auf die nicht kor-
rigierten bohrlochkompensierten Matrixprodukte unter Verwendung einer Korrektur des Verstarkungsver-
haltnisses und einer Kalibrierung des Verstarkungsverhaltnisses zum Berechnen von verstarkungskorri-
gierten bohrlochkompensierten Matrixprodukten;

Anwenden (2006) einer Luftkalibrierung auf die verstarkungskorrigierten bohrlochkompensierten Matrix-
produkte zum Berechnen von luftkalibrierten, verstarkungskorrigierten bohrlochkompensierten Matrixpro-
dukten;

Berechnen (2008) symmetrierter und antisymmetrierter Matrixprodukte unter Verwendung der luftkalibrier-
ten, verstarkungskorrigierten, bohrlochkompensierten Matrixprodukte;

Drehen (2010) der symmetrierten und antisymmetrierten Matrixprodukte unter Verwendung eines Dreh-
winkels;

Berechnen (2012) einer Matrixphasenverschiebungsantwort und einer Matrixdampfungsantwort unter Ver-
wendung der gedrehten symmetrierten und antisymmetrierten Matrixprodukte; und

Bestimmen einer Formationseigenschaft oder eines Formationsparameters unter Verwendung der Matrix-
phasenverschiebungsantwort und/oder der Matrixddmpfungsantwort.
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9. Bohrlochmessgerat nach Anspruch 8, wobei eine oder mehrere der Antennen eine als Teil eines Arrays angeordnete

dreiachsige Antenne ist.

10. Bohrlochmessgerat nach Anspruch 9, wobei die eine oder mehreren als Teil eines Arrays angeordneten dreiachsigen

Antennen jeweils einen orthogonalen Satz von Antennenspulen umfassen.

Revendications

Procédé, comprenant :

la fourniture (1902) d'un outil de diagraphie (120) comportant un réseau d’antennes comprenant une pluralité
d’antennes triaxiales (T1, T2, R1, R2) séparées spatialement le long d’'un axe longitudinal de 'outil de diagraphie
(120) ;

la réalisation (1904) des mesures de résistivité dans une formation a une ou plusieurs fréquences a I'aide du
réseau d’antennes ;

le calcul (2002) des produits matriciels compensés pour le trou de forage non corrigés a I'aide des tensions
provenant des paires de récepteurs triaxiaux du réseau d’antennes ;

I'application (2004) des corrections de rapport de gain du récepteur transversal aux produits matriciels com-
pensés pour le trou de forage non corrigés a I'aide d’'une correction de rapport de gain et d'un étalonnage de
rapport de gain destinés a calculer des produits matriciels compensés pour le trou de forage corrigés en gain ;
I'application d’'un étalonnage a I'air (2006) aux produits matriciels compensés de trou de forage corrigés en
gain destinés a calculer des produits matriciels compensés de trou de forage étalonnés a l'air et corrigés en gain ;
le calcul (2008) des produits matriciels symétrisés et antisymétrisés a I'aide des produits matriciels étalonnés
a l'air, corrigés en gain et compensés pour le trou de forage ;

la rotation (2010) des produits matriciels symétrisés et antisymétrisés a I'aide d’un angle de rotation ;

le calcul (2012) d’une réponse de décalage de phase matriciel et une réponse d’atténuation matricielle a l'aide
des produits matriciels symétrisés et antisymétrisés apres rotation ; et

la détermination d’'une propriété ou un parameétre de formation a I'aide de la réponse de décalage de phase
matriciel et/ou de la réponse d’atténuation matricielle.

Procédé selon la revendication 1, dans lequel la propriété ou le parametre de formation est sélectionné dans le
groupe constitué par la résistivité horizontale, la résistivité verticale, le pendage relatif, le pendage azimutal, I'em-
placement de la limite du lit et I'épaisseur du lit.

Procédé selon la revendication 1, dans lequel chacune des antennes triaxiales comprend un ensemble orthogonal
de bobines d’antenne.

Procédé selon la revendication 1, dans lequel les mesures de résistivité comportent les impédances de transfert
des antennes.

Procédé selon larevendication 1, comprenant en outre la réalisation, pendantle forage, d’'une inversion de dimension
zéro a l'aide d’un processeur de fond de trou et les mesures et I'envoi des informations de résistivité horizontale,
de résistivité verticale, de pendage relatif et/ou de pendage azimutal a un processeur de haut de trou en temps réel.

Procédé selon la revendication 1, dans lequel la réponse de décalage de phase matriciel calculée et la réponse
d’atténuation matricielle calculée donnent une profondeur d’investigation comparable a la longueur de I'espacement

émetteur/récepteur le plus long.

Procédé selon la revendication 1, dans lequel I'outil de diagraphie est transporté sur un cable métallique, un train
de forage pendant la diagraphie, un tube spiralé ou une complétion intelligente.

Diagraphie (120), comprenant :
un réseau d’antennes comprenant une pluralité d’antennes triaxiales (T1, T2, R1, R2) séparées spatialement

le long d’'un axe longitudinal de I'outil de diagraphie (120) ; et
un processeur de fond de trou configuré pour :
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réaliser (1904) des mesures de résistivité dans une formation a une ou plusieurs fréquences a l'aide de la
pluralité d’antennes ;

calculer des produits matriciels compensés pour le trou de forage non corrigés a l'aide des tensions pro-
venant des paires de récepteurs triaxiaux du réseau d’antennes ;

appliquer (2004) des corrections de rapport de gain du récepteur transversal aux produits matriciels com-
pensés pour le trou de forage non corrigés a I'aide d’'une correction de rapport de gain et d’'un étalonnage
de rapport de gain destinés a calculer des produits matriciels compensés pour le trou de forage corrigés
en gain ;

appliquer un étalonnage a I'air (2006) aux produits matriciels de compensation de trou de forage corrigés
en gain destinés a calculer des produits matriciels de compensation de trou de forage étalonnés a l'air et
corrigés en gain ;

calculer (2008) des produits matriciels symétrisés et antisymétrisés a I'aide des produits matriciels calibrés
a l'air, corrigés en gain et compensés pour le trou de forage ;

mettre en rotation (2010) des produits matriciels symétrisés et antisymétrisés aI'aide d’'un angle de rotation ;
calculer (2012) une réponse de décalage de phase matriciel et une réponse d’atténuation matricielle a
I'aide des produits matriciels symétrisés et antisymétrisés apres rotation ; et

déterminer une propriété ou un parametre de formation a I'aide de la réponse de décalage de phase matriciel
et/ou de la réponse d’atténuation matricielle.

9. Ouitil de diagraphie selon la revendication 8, dans lequel une ou plusieurs antennes sont des antennes triaxiales
colocalisées.

10. Outil de diagraphie selon la revendication 9, dans lequel chacune de la ou des antennes triaxiales colocalisées
comprend un ensemble orthogonal de bobines d’antenne.

13
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1902 PROVIDE A LOGGING TOOL HAVING A PLURALITY
N\ OF ANTENNAS SPATIALLY SEPARATED ALONG A
LONGITUDINAL AXIS OF THE LOGGING TOOL ¢

MAKE PROPAGATION-STYLE
1904~ MEASUREMENTS USING THE PLURALITY |
OF ANTENNAS IN A FORMATION

1906~ FORM TENSORS USING THE
PROPAGATION-STYLE MEASUREMENTS

1908~  COMPUTE ONECRMORE |
QUANTITIES USING THE TENSORS |

1910~_| PERFORM A FORMATION EVALUATION USING |
THE ONE OR MORE COMPUTED QUANTITIES

FIG. 19
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